The nucleotide sequence of a 23S rRNA gene of Campylobacter coli VC167 was determined. The primary sequence of the C. coli 23S rRNA was deduced, and a secondary-structure model was constructed. Comparison with Escherichia coli 23S rRNA showed a major difference in the C. coli rRNA at approximately position 1170 (E. coli numbering) in the form of an extra sequence block approximately 147 bp long. PCR analysis of 31 other strains of C. coli and C. jejuni showed that 69%o carried a transcribed spacer of either ca. 147 or ca. 37 bp.
The members of the Campylobacter group of organisms are important pathogens in human and veterinary medicine. This group includes Campylobacter, Arcobacter, Helicobacter, Wolinella, and "Flexispira" spp. and has been argued to constitute a separate bacterial lineage within the class Proteobacteria (62, 63) . The most recently published phylogenetic tree based on small-subunit rRNA sequences has the group positioned in the delta and epsilon subdivisions of the Proteobacteria (purple bacteria) (39) . There are 11 Campylobacter species (9, 56) , and the roles of several of these species in diseases of humans and animals have been well described (43) . Typically, these small, nutritionally fastidious, microaerophilic, gram-negative spiral bacteria colonize moist body surfaces, including the human gingival cavity, the small intestinal mucosa, and the vaginal mucosa of bovines and this colonization leads to disease. The two most important human pathogens in the genus are Campylobacterjejuni and C. coli, which cause enteritis.
In keeping with their small size and limited nutritional properties, the campylobacters have a small genome (23, 37, 57) . At 1.7 to 1.8 Mb, the C. jejuni and C. coli genomes are only 36% of the size of the Escherichia coli chromosome (53) and are also slightly smaller than the genomes of such organisms as (2.3 Mb) (4) . Consistent with their small genome size and their slow growth rate, the campylobacters also appear to have a reduced number of transcriptional units or operons encoding their rRNAs. While E. coli has seven rRNA genomic loci (26) , C. jejuni has only three copies of the 16S and 23S rRNA genes (23, 24, 27, 37, 57) . Unlike the characteristic continuous 16S-23S (eu)bacterial rRNA operon structure seen in E. coli (35) , several studies have suggested that in at least one of the three C. jejuni rRNA operons, the 16S and 23S genes are located separately (23, 27, 37, 57) . However, recent fine mapping of the three rRNA gene loci of one of these C. jejuni strains has shown that all three operons possess a contiguous 16S-23S structure (25) . The sequence and organization of one of these contiguous rRNA operons has recently been described (GenBank accession number Z29326).
Of the Campylobacter rRNAs, the 16S species has received the most attention. For example, partial 16S rRNA sequences have been used in a number of phylogenetic studies of the Campylobacter group of organisms (21, 30, 42, 50, 54, 58) and in the development of rapid identification methodology (48, 49, 63) . The 16S rRNA genes of C. jejuni, C. coli, and a number of other campylobacters have also been sequenced (7, 9, 55, 63) . The sequence of a 5S rRNA gene of C. jejuni has also been reported (30) . In contrast, the Campylobacter 23S rRNA species has received little attention. Recently, however, partial 23S rRNA gene sequences, together with complete 16S rRNA 4597 sequences, were used to investigate the phylogeny of the genus Campylobacter (60) and PCR amplification of 23S rRNA gene fragments was used to discriminate among thermophilic Campylobacter species (10) . In several of the campylobacters tested, internal transcribed spacers were found in the 23S rRNA genes yielding fragmented 23S rRNA. In this study, we cloned and sequenced a gene encoding 23S rRNA from C. coli VC167, and here we report the sequence of that gene and the deduced primary and secondary structures of the 23S rRNA encoded by the gene. We show that the gene carries a transcribed spacer of approximately 147 bp which results in the production of fragmented 23S rRNA, and we demonstrate that this is a common phenomenon in C. coli and C. jejuni because many strains carry transcribed spacers of this approximate length or shorter ones and also produce fragmented 23S rRNAs. In addition, we report on the phylogenetic position of the genus Campylobacter, based on the presence of phylogenetic signatures at positions 270 and 1850 (E. coli numbering [36] ) of the Campylobacter 23S rRNA, and on a phylogenetic analysis which was performed by using this C. coli 23S rRNA, a C. jejuni 23S rRNA sequence (GenBank accession number Z29326), and 53 other available complete (eu)bacterial 23S rRNA sequences.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The Campylobacter strains used in this study were from the culture collection of T. J. Trust and are listed in Table 1 . Campylobacters were grown at 37°C for 24 h on Mueller-Hinton agar (Difco Laboratories, Detroit, Mich.) under an atmosphere containing 5% oxygen and 10% carbon dioxide. E. coli JM109 was used for transfections with M13 phage. E. coli DH5 was the host for plasmid cloning experiments and for control 23S rRNA size comparisons. E. coli was grown aerobically at 37°C for 24 h on Mueller-Hinton agar.
DNA methods. Total DNA extractions from C. coli were done by the method of Hull et al. (22) . Plasmid DNAs were purified as previously described (31) . Restriction enzymes were purchased from Boehringer Mannheim Biochemicals (Indianapolis, Ind.) or Pharmacia (Uppsala, Sweden) and used under the conditions recommended by the supplier. Sequencing of DNA containing the 23S rRNA gene of C. coli VC167 was performed manually with M13 single-stranded template DNA or alkali-denatured double-stranded plasmid DNA by using 35S-dATP (Dupont Research Products, Boston, Mass.) and Sequenase (United States Biochemical Corp., Cleveland, Ohio) as specified by the manufacturers. The templates used were as indicated in Fig. 1 Oligonucleotide hybridizations. Oligonucleotides were labeled with ATP as previously described (31) . Southern blotting and colony blotting were performed with nitrocellulose as described by Sambrook et al. (51) . Hybridization was per- [29] ).
Nucleotide sequence accession number. The nucleotide sequence of the C. coli VC167 rRNA gene has been deposited in GenBank under accession number U09611.
RESULTS
Cloning and sequencing of the C. coli VC167 23S rRNA gene. Construction of plasmid pGK109, which contained most of a 23S gene from C. coli VC167, as shown in Fig. 1 , has already been described (13) . To 3' end of the 16S rRNA genes of C. coli and C. jejuni (Romaniuk and Trust [49] probe D, whose sequence is ACTCGAGAG CATGAAGC) but not to a probe specific for the 5' end of the 16S gene (Romaniuk and Trust [49] probe G, whose sequence is TATGACGCTTAACTGGT), indicating that part of the 16S gene was also found on pGK111, in the 5' EcoRV-XbaI fragment shown in Fig. 1 . A 2.5-kb XbaI fragment which contained the 5' end of the 23S gene was subcloned from pGK111 into pUC19 and termed pGK112.
For DNA sequence analysis, pGK109 was digested with
HindIlI and BamHI and the resulting 2.1-and 3.5-kb fragments were subcloned into both M13mpl8 and M13mpl9. These clones were then used as templates in single-stranded sequencing reactions primed with oligonucleotide primers synthesized on both strands at approximately 200-to 250-bp intervals. The 5' end of the 23S gene was sequenced from pGK112 directly as a double-stranded template, also by using synthetic custom primers. Primary and secondary structures of C. coli VC167 23S rRNA. The complete sequence of the cloned C. coli VC167 23S rRNA gene is shown in Fig. 2 . The gene is 3,057 bases long with a 46.2% G+C content, compared with the 29 to 35% G+C content reported for the C. coli genome (1, 40) . The length of the predicted primary sequence of the C. coli VC167 23S rRNA is in keeping with the range of lengths (approximately 2,883 to 3,022 bases) of other (eu)bacterial 23S rRNAs in the data bank. The 29.9% A and 18.9% C contents of the C. coli VC169 23S rRNA molecule are consistent with the ranges of 21.8 to 29.3% A and 19 to 27.2% C displayed by other (eu)bacterial 23S rRNAs. However, the 27.2% G (range, 30.1 to 36.6%) and 24% U (range, 14.4 to 21.2%) contents of the C. coli molecule are slightly lower and higher, respectively, than those of other 23S rRNAs. In terms of sequence similarity, C. coli rRNA has 99.2% sequence identity to C. jejuni TGH9011 23S rRNA, 71% sequence identity to E. coli 23S rRNA, and approximately 68.0 to 77.0% identity to the 23S rRNA sequences of other (eu)bacteria in the data bank. Of the 17 nucleotide changes between the C. coli and C. jejuni sequences (Fig. 3 ), 7 are located in the 270 region (E. coli numbering; Fig.  3A ). The C coli VC167 23S rRNA sequence was then arranged into a secondary-structure model. As shown in Fig. 3 , this model also had overall similarity to other 23S-like rRNAs and specific structural similarity to (eu)bacterial 23S rRNAs.
Identification of an intervening sequence in the C. coli VC167 23S rRNA gene. A prominent difference in the C. coli VC167 23S rRNA structure from the E. coli and C. jejuni TGH9011 (GenBank accession number Z29326) 23S rRNA secondary structures occurs at position 1193 (ca. position 1170 on the basis of E. coli numbering [ Fig. 3A] ). The deduced C. coli 23S rRNA sequence contains an extra sequence block approximately 147 bp long which is not present in the E. coli or C. jejuni sequences ( Fig. 2 and 3A) . Similar sequence blocks have been shown to be present at this position in the 23S rRNA genes from a variety of bacteria (3, 20, 44, 47, 52, 60) and chloroplasts (59) , and these extra sequence blocks in the 23S rRNA genes have been termed intervening sequences (3) or transcribed spacers (60) .
Distribution of intervening sequences in C. coli and C. jejuni 23S rRNA genes. PCR analysis was performed to determine whether the 23S rRNA genes of other strains of C. coli and C. jejuni also carry transcribed spacers in the same region of the gene. In the case of C. coli VC167, forward primer 1162 (C. coli numbering; 5'-TGCGCGGAAAATATAACGGGGCTA-3'; nucleotides -56 to -33 relative to the transcribed spacer) and reverse primer CG1425 (C. coli numbering; 5'-CTCAACTJTA ATTATCGCTACTCAT-3'; nucleotides + 111 to +88 relative to the intervening sequence) amplified a ca. 310-bp sequence which carried the ca. 147-bp transcribed spacer (see Fig. 6 , lane 5). The results in Table 1 . DNA sequence analysis of the transcribed spacers from C. coli VC92 and C. jejuni 81176 indicated that under conditions for maximum matching (34), they had 85 and 63% homology, respectively, to the transcribed spacer from C. coli VC167 (data not shown). The truncated transcribed spacers from C. jejuni VC84 and C. jejuni 81116 also shared identity with the 5' end of the VC167 transcribed spacer sequence (data not shown). Table 2 shows the predicted 23S rRNA sequences reported for the 1170 region helices of other Campylobacter (60) , Salmonella (3) , and Yersinia (52) strains compared to that of C. coli VC167. While the sequences of a number of the C. coli and C. jejuni strains are clearly similar to that of E. coli, giving rise to a short hairpin loop, Campylobacter strains which carry a transcribed spacer at this region of their 23S rRNAs have a much longer hairpin loop sequence. In terms of sequence identity, the transcribed-spacer-containing Campylobacter sequences appear to be related and to be distinct from the Salmonella and Yersinia sequences. Under conditions necessary for maximum matching (34), the two most closely related transcribed spacer sequences were C. coli VC167 and C. jejuni subsp. doylei (60) Table 2 . It should also be noted that the 18.9% G+C content of the ca. 147-bp transcribed spacer from C. coli VC167 differed significantly from the 46.1% overall G+C content of the VC167 23S rRNA gene sequenced here.
Demonstration of fragmented 23S rRNA. Analysis of the C. coli and C. jejuni 23S rRNAs by denaturing gel electrophoresis showed that while strains which appeared not to contain a transcribed spacer in their 23S rRNA genes and displayed discrete 23S rRNAs of approximately 2.9 kb, the rRNAs prepared from C. coli VC167 displayed two smaller, distinct rRNA fragments with approximate sizes of 1.7 and 1.2 kb along with the 1.6-kb 16S RNA (Table 1 ). Figure 5 shows the two distinct, smaller 23S rRNA fragments in representative strains carrying either the longer 147-bp or the shorter 37-bp transcribed spacer compared to the unfragmented, approximately 2.9-kb 23S rRNAs from C. jejuni VC157 and VC228.
Secondary structure and phylogenetic signatures. The secondary structures of the C. coli VC167 and C. jejuni TGH9011 23S rRNAs (GenBank accession number Z29326) were constructed by comparative methods (16, 19) , and the overall structures of these two rRNAs are virtually identical, except at the region where the intervening sequence is located (GenBank accession number Z29326 and Fig. 3 ). The extra 147-bp transcribed spacer increases the length of the stem-loop structure at position 1193 of the C. coli VC167 23S rRNA. In the 270 region (E. coli numbering; Fig. 3A ), the C. coli and C. jejuni rRNAs display a structural signature involving a helix (marked a in Fig. 3A ). The sequences of E. coli and other representative Proteobacteria (e.g., subclass alpha member Rhodobacter capsulatus, subclass beta member Pseudomonas cepacia, and subclass gamma member E. coli) do not contain this helix, while all other (eu)bacteria, chloroplasts, and archaea sequences (e.g., the gram-positive bacterium, Bacillus subtilis, the spirochete Leptospira interrogans, and the cyanobacterium Anacystis nidulans) in the data bank (18) contain this helix-insertion. A comparison of representative sequences of this region of 23S rRNA is shown in Fig. 6 . In the 1850 region (E. coli numbering; Fig. 3B) , however, the genus Campylobacter is clearly similar to the beta and gamma Proteobacteia ( Fig. 7 and Table 3 ). In the juxtapositions 1855-1887, 1856-1886, 1858-1884, and 1859-1883, the genus Campylobacter favors U/C, U/U, A/G, and U/U pairings, respectively, as do the beta and gamma Proteobacteria. These base pairings at these positions are rarely, if ever, present in the 23S rRNAs from the alpha Proteobacteria, cyanobacterial plastids, or bacteria belonging to other (eu)bacterial divisions.
Phylogenetic analysis. The 23S RNAs of C. coli VC167 and C. jejuni TGH9011 (GenBank accession number Z29326) were aligned with sequences from all other available (eu)bacterial 23S rRNAs, and phylogenetic trees were inferred from fulllength and more conservative matrices by the Fitch-Margoliash distance, neighbor-joining, parsimony, and maximum-likelihood methods. The bootstrapped neighbor-joining result from the more conservative matrix is shown in Fig. 8 because it is representative and because simulations have shown the neighbor-joining method to be relatively successful in recovering correct topologies (reference 5 and references therein).
A number of lineages diverging more basically in the tree (Fig. 8) In most of our trees (e.g., Fig. 8 ), rRNAs of the two campylobacteria formed a sister group to the alpha, beta, and gamma proteobacterial rRNAs, although bootstrap support was lower (32 to 68%). The maximum-likelihood tree showed the same relationship (data not shown). This positioning is consistent with the idea that the genus Campylobacter represents a different (e.g., epsilon) subdivision of Proteobacteria. In a few trees inferred from the full-sequence matrix, the two campylobacterial rRNAs fail to associate with the proteobacterial grouping, but bootstrapping support for alternative groupings is poor (15 to 46%).
Although the 23S tree shown in Fig. 8 clearly displays seven strongly supported groupings, it should be noted that the tree loses the resolution necessary to securely link these groupings. The apparent splitting of the gram-positive phylogenetic group into three groups (high and low G+C content groups and mycoplasmas) on the 23S tree probably reflects this loss of resolution, coupled with probable G+C content effects on topology. Loss of resolution is also presumably why the Leptospira sequence has broken free from the genus Borrelia and drifted into the low-G+C positive group on the 23S tree. With these exceptions, however, and taking into account the better 16S sequence data density, the fact that 16S rRNA is a better molecule for deep branchings, as well as the better established rooting of the 16S tree, the 23S-derived tree shows considerable overall similarity to the recently published 16S-derived tree (39) .
DISCUSSION
The large-subunit rRNA species of (eu)bacteria has received much less attention than the 16S rRNA species. Recent compilations have reported nearly 1,400 published complete (eu)bacterial 16S rRNA sequences (6) compared with 70 complete 23S rRNA sequences (18) , including the 2 Campylobacter sequences reported in this and another study (GenBank accession number Z29326). Here we have presented the first complete sequence of a 23S rRNA gene from C. coli, along with a prediction of the secondary structure of the rRNA encoded by this gene. In terms of overall size, nucleotide composition, and primary and secondary structures, this C. coli 23S rRNA displays considerable overall similarity to other (eu)bacterial 23S sequences. In addition, all tertiary interactions proposed on the basis of comparative methods (16, 19) are consistent with the C. coli primary and secondary structures proposed here. The particular copy of the 23S gene sequenced appeared to be located in a typical prokaryotic ribosomal operon. For example, with oligonucleotides specific for Campylobacter 16S RNA, a 16S RNA gene was demonstrated to lie 5' to the 23S gene and this 16S rRNA gene appeared to be transcribed in the same direction as the 23S rRNA gene because clone pGK111, which hybridized to an oligonucleotide specific for the 3' end of the 16S rRNA gene, did not hybridize to a 5'-specific 16S rRNA probe. The 5' portion of the 16S coding region must therefore extend beyond the 5' boundaries of clone pGK111.
The 23S rRNA gene of C. coli VC167 contained a 147-bp transcribed spacer which resulted in fragmented 23S rRNA. Although 23S rRNAs occur as contiguous molecules in most bacteria, the occurrence of fragmented 23S RNA in some bacteria was first reported in 1970 (32, 46) . Burgin et al. (3) subsequently showed that in some strains of salmonellae, transcribed spacers can form helical structures and expand the helices in the 500 and 1170 regions (E. coli numbering; Fig.  3A ) of premature 23S rRNAs. These transcribed spacers are removed during maturation of the rRNAs, and after processing, the 23S rRNAs remain fragmented within the ribosome. Skurnik and Toivanen (52) reported corresponding transcribed spacers at the 1170 region of the 23S rRNA genes of Y enterocolitica which also resulted in fragmented 23S rRNA.
The occurrence of a 23S rRNA gene containing a transcribed spacer and the presence of fragmented 23S rRNA was not confined to C. coli VC167 but appeared to be a common phenomenon in C. coli and C. jejuni. Of the 32 strains of C. coli and C. jejuni examined here, 69% exhibited both properties. In addition, Van Camp et al. (60) found internal transcribed spacers in the 23S rRNA genes of 5 of 17 campylobacters examined, including two of the four strains of C. jejuni tested, in both C. fetus strains tested, and in one of two strains of C. upsaliensis. These spacers varied in length from ca. 120 to about 180 bp compared with the ca. 37-and ca. 147-bp transcribed spacer lengths observed in this study. The various Campylobacter inserts appeared to be related, in terms of both nucleotide sequence and base content, consistent with a common original source.
The 23S rRNA fragmentation patterns we observed suggested cleavage at similar, if not identical, positions in all of the strains examined, and the 1.7-and 1.2-kb sizes of the 23S rRNA fragments were consistent with cleavage at approxi- Fig. 3A ) of C. coli VC167 23S rRNA in the corresponding region (arrowed) of R. capsulatus (alpha), P. cepacia (beta), and E. coli (gamma) 23S rRNAs and the presence of a similar helix structure in B. subtilis (gram positive [G +1, low G+C content), L. interrogans (spirochete), and A. nidulans (cyanobacterium). mately position 1170 (E. coli numbering) in helix 45, one of the most variable helices in bacterial 23S rRNA (60) . The 1170 position is also at a position homologous to an expansion segment in eucaryotes (41) . The five internal spacers reported by Van Camp et al. (60) were also located in this helix, as were transcribed spacers of Salmonella (3) , Yersinia (52), Actinobacillus (20) , Leptospira (52) , and Chlamydomonas chloroplasts (59) U-1859-C-1883 the true campylobacters, including C. coli, appear to belong to a previously undefined phylogenetic branch, on the basis of a signature sequence analysis and comparison of sequence data with partial sequences of representatives of 8 of the 10 major phylogenetic branches of the (eu)bacteria. Lau et al. (30) subsequently suggested that while there is some evidence of affinity between an expanded division containing the purple photosynthetic bacteria and their relatives and the Campylobacter cluster, the Campylobacter cluster is not specifically positioned in either the alpha, beta, or gamma subdivision of the group. In a subsequent, expanded, partial-16S rRNA study involving all species in the genus Campylobacter, Thompson et al. (58) found three separate Campylobacter 16S rRNA identity groups similar to one another at a level of 68%, suggesting that they belong together on the same phylogenetic branch. Further, the three Campylobacter groups had a 49.3% overall 16S rRNA sequence similarity to representatives of the alpha, beta, and gamma phylogenetic branches of the class Proteobacteria, a depth of divergence greater than that among the three branches themselves and consistent with the conclusions reached by Romaniuk et al. (50) . Stackebrandt et al. (54) took the position that overall there was a meaningful affinity between the campylobacters and members of the class Proteobacteria, and Vandamme et al. (61, 62) concluded that while the campylobacters clearly constitute a sixth rRNA superfamily within the gram-negative bacteria and are equally removed from all subclasses within the class Proteobacteria, it seems appropriate to consider rRNA superfamily Vl a fifth subclass of the class Proteobacteria, as deduced from a suggestion of Murray et al. (33) .
Recently evolutionary analyses by Lane et al. (28) have indicated that the root of the Thiovulum-Campylobacter group falls very close to the root of the class Proteobacteria and, for consistency of usage, included the group in the class Proteobacteria. Depending on the exact placement of the roots, these workers suggested that the genus Campylobacter and the closely related Thiovulum group of organisms can be viewed either as a deep offshoot of the delta subdivision of the class Proteobacteria or as an independent subdivision. However, Lane et al. (28) further noted that the campylobacters differ from the alpha, beta, gamma, and delta proteobacteria on the basis of a structural signature in the 184-to-219 region of 16S rRNA and suggested that this signature argues for placement of the campylobacters as a distinct division or phylum of the (eu)bacteria. Unfortunately, no 23S sequence data are available for members of the delta group, which contains nonchemolithotropic bacteria, e.g., Bdellovibrio spp., myxobacteria, and the majority of sulfur-and sulfate-reducing (eu)bacteria, e.g., Desulfovibrio spp., Desulfococcus spp., etc. However, the phylogenetic tree analysis based on the 23S rRNAs of all available (eu)bacterial sequences derived here placed the genus Campylobacter as a sister subdivision to the alpha, beta, and gamma subdivisions of the class Proteobacteria. Structural signatures appear to confirm such a positioning. In the 1850 region, Campylobacter 23S rRNA shows similarities to the purple-beta and gamma subdivisions, consistent with positioning in the class Proteobacteria. However, Campylobacter 23S rRNA also contains a helix as a phylogenetic signature in the 270-bp region which is lacking in representative sequences from alpha, beta, and gamma Proteobacteria but present in other (eu)bacteria, emphasizing the distinctness of the genus Campylobacter from these other Proteobacteria at the phylogenetic level. Interestingly, an unpublished 23S rRNA sequence from Stigmatella aurantiaca (64), a member of the delta group of Proteobacteria also contains the characteristic helix insertion at the 270 region. However, in keeping with the positioning of the genus Campylobacter relative to the delta Proteobacteria suggested by Lane et al. (28) , the genus Campylobacter appears to be positioned in the epsilon subdivision of the class Pro- 
